Highly mismatched crystalline and amorphous GaN(1-x) As(x) 
The Ga-N-As Alloy system

Dilute alloys
Semiconductor alloys formed through substitution of atoms with very different electronegativity and/or size have been known as highly mismatched alloys (HMAs).
Because of large miscibility gaps, typically HMAs consist of a semiconductor matrix (elemental or compound) with the substitution of a small amount (up to several percents) of distinctly different isovalent atoms. The HMAs show large band gap reduction and their electronic structure is drastically different from their host materials. This is in contrast to conventional semiconductor alloys such as AlGaAs and GaAsP whose physical, electronic and optical properties can be deduced from a linear interpolation between their corresponding end point compounds with only a slight deviation, as predicted by the virtual crystal approximation (VCA). A most notable example of HMAs is the As-rich GaN x As 1-x in which strong band gap reduction by as much as 180 meV per mole percent of N has been observed [1, 2, 3, 4] . The strong dependence of the band gap on the N content has made these diluted III-V nitrides important materials for a variety of applications, including long wavelength optoelectronic devices [5, 6] and high efficiency hybrid solar cells [7, 8] .
In contrast to the very extensively studied As-rich GaNAs alloys much less work has been devoted to HMAs on the N-rich side of this alloy system. It was found that GaN doped with As at low, impurity like levels shows a characteristic blue emission at room temperature. At higher As doping levels an abrupt decrease in the band gap of resulting GaN 1-x As x alloys was observed [9, 10, 11, 12] . Fig. 1 shows the experimental 4 band gap of both As-rich [2] and N-rich [12] GaNAs HMAs. It is obvious that these data cannot be explained by a virtual crystal approximation (VCA) represented by the dashed line. The dotted line in Fig. 1 shows a forced quadratic fitting to the experimental gap energies on both sides with a single bowing parameter of b=16.2 eV. This bowing parameter is in agreement with the value reported in Kimura et al. [11] According to this fitting curve the bandgap would rapidly close up from both sides and become negative for 0.25<x<0.9.
Band anticrossing in highly mismatched III-V diute alloys
The unusually strong dependence of the fundamental gap on the N content in the group III-N-V alloys has been the subject of many theoretical investigations [3, 4] .
Among these works, the band anticrossing model (BAC) [1, 13, 14] has been very successful in explaining the experimentally observed electronic structures of the dilute As-rich GaN 1-x As x alloys. The BAC model takes into account an anticrossing interaction between localized N states and the extended states of the host semiconductor matrix.
Such interaction splits the conduction band into two subbands, E -and E + . The downward shift of the lower subband (E -) is responsible for the reduction of the fundamental band gap and the optical transition from the valence band to the upper subband (E + ) accounts for the high-energy edge. More recently, the BAC model has also been extended to HMAs where a small fraction of metallic isovalent atoms substitute more electronegative host atoms as occurs in the dilute N-rich GaN 1-x As x alloys where a small fraction of N atoms is substitued by As. In this case due to the substantial difference in the ionization energies of the As and N anions, the p-states of the substitutional As atoms form resonant 5 levels above the valence band edge of GaN. The As derived localized states interact strongly with the extended p-states of the host. The interaction splits the valence band into a series of E + and E -sub-bands with dispersion relations that are dependent on the As concentration [12, 14] . This valence band anticrossing (VBAC) has been successful in explaining the valence band restructuring in many dilute alloys where a small fraction of the anions are replaced by more metallic impurities, including GaBi x As 1-x [15, 16] , GaSb x As 1-x [17] and Sn x Ge 1-x [18] .
Wu et al. [12] investigated the BAC in N-rich and As-rich GaNAs alloys with a limited range of composition and interpolated the composition dependence of the band gap of GaN 1-x As x alloys over the entire composition shown by the solid curve in Fig. 1 .
The calculations predict a minimum band gap of 0.7 eV at x~0.8. This is in a stark contrast to the composition dependence of the band gap predicted by the VCA and the quadratic fitting with b=16.2 eV. However, neither of these predictions could be tested as there has been no experimental data for alloys in the middle 85% of the alloy composition.
Low Temperature Molecular Beam Epitaxial Growth of Ga-N-As
During the last 15 years there has been considerable theoretical and experimental interest in As-doped GaN. However, due to the large miscibility gap for the Ga-N-As system, alloys with large compositions have not been achieved. GaN 1-x As x alloys at the N-rich end of the phase diagram have been grown by metal-organic vapour phase epitaxy (MOVPE) and by molecular beam epitaxy (MBE) [9] . For both techniques, it is difficult to obtain a high concentration of As in the alloy before phase separation occurs. The 6 highest reported As content in MOVPE grown layers is x~0.067 [10, 11, 12] . Even lower maximum As contents of x~0.0026 [19] and x~0.01 [20] [23, 24] . It is known that in MBE the As solubility limit in GaN 1-x As x alloys is increasing with decreasing growth temperature [20, 25] . In this study LT-MBE has been employed to overcome the miscibility gap in the GaN 1-x As x alloy system, allowing the synthesis of thin films of GaN 1-x As x alloys over the whole composition range.
All GaNAs samples were grown on 2 inch sapphire (0001) substrates by plasmaassisted MBE in a MOD-GENII system. The system has a HD-25 Oxford Applied
Research RF activated plasma source to provide active nitrogen and elemental Ga is used as the group III-source. In all experiments we have used arsenic in the form of As 2 produced by the Veeco arsenic valved cracker. The MBE system is equipped with reflection high energy electron diffraction (RHEED) facility (12kV) for surface reconstruction analysis. For the growth of all GaNAs samples, we have used the same active N flux with the total N beam 7 equivalent pressure (BEP) ~1. 5 10 -5 Torr and the same deposition time (2hr) for the majority of the films.
The composition of the films was measured by Rutherford backscattering spectrometry (RBS) and particle induced x-ray emission (PIXE) using a 2 MeV He ion beam and further confirmed by wavelength-dispersive x-ray (WDX) spectroscopy using a 5 keV electron beam. Compositon mapping by WDX with ~1 µm resolution found no discernable compositional variation over a 256x256 µm region in the films. Fig. 2 shows the As composition in GaN 1-x As x films grown by LT-MBE measured by RBS/PIXE as a function of growth temperature, the dashed line in the figure is a quadratic fit of the data.
The Ga and As 2 flux in these growths were kept constant with BEP ~1.5x10 -7 and ~7.5x10 -6 Torr, respectively. A monotonic increase in the As incorporation in the film is observed as the growth temperature is reduced. We note that as the growth temperature decreases, along with the increase in As content in the film, the film loses its crystallinity and becomes amorphous (close circle symbols in Fig. 2 ).
Structure of LT-MBE GaN 1-x As x
We found that epitaxy of GaN 1-x As x under Ga-rich growth conditions at relatively high temperatures of ~600 o C results in phase sepatation into GaN:As and GaAs:N for x>0.02. This is evident from the the appearance of GaAs (111) diffraction peak in the xray diffraction (XRD) pattern shown in Fig. 3 (b) . The overall GaAs mole fraction x determined by RBS and PIXE for this film is x~0.1. However, XRD result in Fig. 3 (b)
showed that instead of a random alloy of GaN 0.9 As 0.1 , phase separation occurs in this film 8 and two phases coexist in the film: ~10% GaAs:N and ~90% GaN:As. Note that high quality GaN epitaxial films were grown by MBE on sapphire typically at ~800°C. As the growth temperature is reduced from ~600 to 100°C, along with the increase in the As incorporation from x~0.02 to 0.7, the structure of the GaN 1-x As x film transforms from single crystalline to polycrystalline (~500°C) to amorphous (<410°C). Fig. 3 (a) shows a series of XRD patterns from GaN 1-x As x films grown with the same As and Ga fluxes, but at different growth temperatures. The shift of the GaN 0002 diffraction peak to lower diffraction angle for the crystalline GaN 1-x As x films (with x<0.17) is consistent with the increase in lattice parameter due to the incorporation of As into the N sublattice (bond length R Ga-N~0 .195 nm and R Ga-As~0 .246 nm). The absence of any diffraction peak from films with x>0.17 grown at temperature <400°C suggests that these films are amorphous. However, the presence of small fraction of nanocrystalline materials that is beyond the sensitivity of the XRD technique cannot be ruled out.
It is worth noting that even as the growth temperature is reduced to 200°C, GaN films grown without As flux are still crystalline. Transmission electron microscopy (TEM) study shows that such GaN films are still epitaxial with high density of dislocations and small columns (30-50 nm). Amorphous GaN (a-GaN) has been proposed to be an electronic material with technological potential since theoretical study predicted no deep gap states and therefore no deep carrier traps in this material [26] . These desirable properties are a consequence of the lack of homopolar bonds in a-GaN because of its high ionicity. Despite many attempts on the synthesis of a-GaN using a variety of methods, stoichiometric, single phase GaN thin films with unambiguous amorphous signature have not been achieved so far [27, 28, 29] . This is believed to be due to the high ionicity of GaN. In fact, ion implantation 9 studies revealed that dynamic annealing is very strong in GaN. Amorphization of GaN under very heavy ion irradiation (Au) even at 77 K appeared to be similar to that in Si or
GaAs at elevated implant temperature [30] . This is qualitatively similar to our finding that highly defective single crystalline GaN is formed by LT-MBE growth even at 200°C
(~600°C below the normal MBE growth temperature). When significant amount of As (>17%) is incorporated into the lattice of GaNAs in our studies, ionicity of the crystal is reduced and the film becomes amorphous.
As the alloy composition is pushed to the As-rich side of GaN 1-x As x alloys by increasing the Ga flux from a BEP~1.5x10 -7 Torr to ~6x10 -7 Torr at the growth temperatures of ~200°C, the film structure changes from amorphous to crystalline again. As the arsenic content in the GaN 1-x As x film increases to higher than 75%, the films becomes crystalline with primarily polycrystalline As-rich cubic GaN 1-x As x with small amount of wurtzite N-rich GaN 1-x As x . The incorproation of N in the As sublattice is evident from the shift of the cubic GaN 1-x As x (111) peak to higher diffraction angle as compared to GaAs (111) peak indicating a decrease in the lattice parameter. A GaN 1-
x As x film with x~0.86 shows a single cubic phase with strong and narrow (111) diffraction peak suggesting that the film is polycrystalline with larger grain size as the alloy becomes more As-rich.
The microstructure of the GaN 1-x As x films was investigated using cross sectional transmission electron microscopy. A JEOL 3010 with 300 keV accelerating energy and a resolution of 2.4Å, JEOL CM300 with sub-Angstrom resolution and a Philips Tecnai microscope for Z-contrast high resolution studies were used. Fig. 4 (a) shows a series of selective area electron diffraction pattern (SAD) from alloys with increasing As content as a result of decreasing growth temperature from 550 to 100°C. The SAD results unambiguously illustrate that the GaN 1-x As x alloys go from single crystalline spot pattern (T g =550°C) to polycrystalline ring pattern (400°C<T g <500°C) to amorphous diffuse ring pattern (T g <400°C; x>0.2). The diffuse ring patterns for GaN 1-x As x alloys with x in the range of ~0.2 to 0.75 confirm that these alloys are amorphous with no observable nanoscale secondary phases. We also found that at the same growth temperature, the As content in the amorphous film increases with the As flux during growth. This is illustrated in Fig. 4 (a) with the SAD patterns from two amorphous samples grown at 210°C: the sample with 45% As was grown with ~6X higher As flux as the sample with 27% As. The SAD pattern for the As-rich GaN 1-x As x film with x= 0.86 grown at ~200°C
is also shown in Fig. 4 (a) . The ring pattern for this sample is consistent with the XRD result ( Fig. 3 (b) ) that cubic polycrystalline phase of GaN 1-x As x was formed for As-rich alloys. This is particularly significant for the amorphous films since this suggests that the density of gap states in the amorphous films are low, consistent with the predicted low number of homopolar bonds in nitride based alloys [26] . Some small features below the band gap can be attributed to the Fabry-Perot oscillations indicating uniform film thickness with a smooth surface and of the films with sharp film-substrate interface. We note that while the crystalline and amorphous GaN 1-x As x alloys may be materials with very different properties, similar to crystalline and amorphous silicon, it is interesting to compare these properties directly, especially when very little is known about amorphous nitride materials [26] . Despite the crystalline and amorphous transition the absorption results in Fig. 5 show a continuously montonic decrease in the band gap as the As content increases. This provides additional support to the claim that the films are single phase with no phase separation in the crystalline state, and no composition non-uniformity in the amorphous state. According to the BAC model the observed reduction of the band gap can be attributed to an upward shift of the valence band edge and a downward movement for the conduction band edge in the N-rich and As-rich dilute GaN 1-x As x alloys, respectively.
However, the absolute movement of the conduction and valence bands of the GaN 1-x As x alloys cannot be derived from our optical measurements. To directly measure the band positions we used the combination of soft x-ray emission (SXE) and absorption (XAS) 13 spectroscopies. XAS and SXE directly probe the partial density of states (DOS) of the conduction band and valence band, respectively [31] . Overlapping the SXE and XAS spectra with reference to the core level provides a direct measurement of the energy positions of the valence and conduction band states in semiconductor materials. In this work, the Nitrogen K-edge (around 400 eV) was investigated at room temperature at the Advanced Light Source (ALS) on beam line 8.0.1. XAS was detected by the total fluorescence yield detection mode with an energy resolution of about 0.2 eV, and SXE was measured using the Tennessee/Tulane grating spectrometer with a total energy resolution of 0.6 eV. Figure 7 shows the SXE and XAS spectra for a number of selected GaN 1-x As x samples excited at the nitrogen K-edge. During normalization of XAS spectra a pre-edge linear background was subtracted and the edge step was normalized to unity (at 440 eV).
The elastic emission peak in SXE spectra was used for calibration of the detector energy to the XAS monochromator energy. The inset in Fig. 7 Despite the large changes in the XAS profile for dilute As (x=0.02), the threshold energy and gradual onset profile was unchanged. Hence the CBE is not responsible for the large ~0.8 eV decrease in the optical band gap observed for dilute As content [12] .
Instead, observable in the SXE threshold region of Fig. 7 inset is a weak high energy foot that develops at the VBE. The VB change is consistent with valence N states hybridizing with an As impurity level just above the GaN valence band maximum which is the basis for the BAC model of the band gap reduction in this dilute doping regime [12] . For increasing As-content into the amorphous phase, the threshold energy of the this VBE foot increases only a small amount while the intensity grows steadily due the increasing amount of near neighbor As atoms which hybridize with the N-p states.
Finally for the As-rich region represented in Fig. 7 by the sample with x=0.86, both the SXE and XAS profiles exhibit dramatic changes. The SXE spectrum of this cubic GaAs-like polycrystalline phase develops again a sharp two-peak DOS profile but with a lineshape and peak maximum distinctly different from the polycrystalline phase of the hexagonal GaN-like dilute As region. The XAS profiles for the alloy with x=0.86 also exhibits a dramatic new sharp peak just above threshold. Rather than indicative of a structural change, this sharp peak reflects the existence of a localized N impurity level above the GaAs conduction band minimum. The development of this localized state into a narrow band via hybridization with GaAs conduction states is the source of the rapid band gap reduction from pure GaAs within the BAC model [1, 14] .
The composition dependence of the CBE and the VBE energies for GaN 1-x As x alloys as measured by XAS and SXE, including samples not displayed in Fig. 7 , is shown in Fig. 8 together with the BAC predicted values. Again, we point out here that the calculated band movements by an interpolation of the BAC model are included for comparison purpose only. Band movements in the amorphous alloys may vary dramatically from crystalline alloys. Both CBE and VBE are observed to shift as x increases. A rapid jump in the VBE to higher energy for dilute As (x<0.10) polycrystalline samples as compared to GaN is observed consistent with the BAC model.
A second jump to lower energy is observed in the CBE upon entering into the amorphous phase (x>0.17). For increasing x in the amorphous phase, both the VBE and CBE are only very weakly shifting to higher and lower energies, respectively. Finally a smaller jump in the VBE yet again to a higher energy is observed for the amorphous to As-rich polycrystalline transition (x>0.70). Not unexpectedly the smooth interpolation of the BAC model from the dilute polycrystalline regions does not explain the discontinuous energy jumps into the amorphous phase. We also point out that the band gap energies measured by XAS and SXE are lower than the values obtained by optical absorption.
This may be attributed to excitonic coupling between the screened core hole and conduction electron [32] .
Potential for photovoltaic applications
The direct conversion of sunlight into hydrogen by photoelectrochemical (PEC)
water-splitting is one of the simplest methods to convert solar energy into a storable fuel.
The practical realization of this technology depends critically on the availability of a suitable electrode material that combines acceptable solar response and efficiency and sufficient service lifetime for energy payback. For efficient hydrogen production by PEC water splitting, an ideal photoelectrode must meet three criteria: corrosion stability, a band gap between 1.8 and 2 eV to produce sufficient over-potential to drive the water-splitting reactions while still absorbing a significant fraction of the solar spectrum, and band edges straddling the hydrogen and oxygen redox potentials for spontaneous water splitting [33] . To date, no known material satisfies all these requirements. Several oxides, most notably TiO 2 , have shown good corrosion stability under operation, but have low efficiencies due to their wide band gaps [33, 34, 35] . III-V and II-VI semiconductors, such as GaInP 2 [36] , have shown high water-splitting efficiencies but these materials have poor corrosion resistance and showed performance degradation and/or short lifetimes. Within our experimental error, Fig. 8 shows that a GaN 1-x As x alloy with x~0.1 has a band gap of ~2.4 eV still straddling the hydrogen and oxygen redox potentials and thus is a promising material for high efficiency PEC water-splitting.
In addition to the PEC application, the GaN 1-x As x material system has many unique features in the electronic band structure that make it a good candidate for photovolatic applications. For example, this alloy system has a wide band gap tuneability covering a spectral range of ~0.8 to 3.4 eV. This spectral range provides an almost perfect fit to the solar spectrum offering the opportunity to design high efficiency multijunction solar cells [37, 38] using a single ternary alloy system. Since the absorption coefficient for the crystalline and amorphous GaN 1-x As x alloys is large, only thin films of about a micron are needed for this application. This makes the fabrication of multijunction cells simple and cost effective. The amorphous nature of this alloy over a wide alloy range (0.2<x<0.8) can also be advantageous since they can be deposited on low-cost glass substrate, further reducing the cost of such device. A simple 2-junction cell with a ~1.6 eV top subcell on a ~0.8 eV bottom cell can yield a maximum theoretical efficiency ~55% under maximum concenrtation [39] or ~42% under 1.5 AMO irradiation. This can be achieved using GaN 1-x As x alloys with x=0.8 and 0.4 as bottom and top subcells, respectively.
One major issue in the successful utilization of these alloys for PEC and PV devices is its transport properties. Investigation on both n and p-type doping of crystalline and amorphous GaAs x N 1-x alloys by growth and implantation techniques are underway.
Conclusion
We have successfully synthesized Band gaps by virtual crystal approximation (VCA) and by a forced quadratic fitting to the experimental gap energies using a single bowing parameter of b=16.2 eV are also shown. Fig. 2 The Arsenic composition in GaN 1-x As x films grown by LT-MBE measured by RBS/PIXE as a function of growth temperature. The Ga and As 2 fluxes with BEP ~1.5x10 -7 and ~7.5x10 -6 Torr, respectively were used in these MBE growths. x As x layers grown at different temperatures from ~100 o C to ~600 o C. Fig. 6 Dependence of the optical band gap energy on the value of x for crystalline and amorphous GaN 1-x As x alloys. Calculated composition dependence of the band gap of GaN 1-x As x alloys based on the band anticrossing model (BAC), virtual crystal approximation (VCA) and using a single bowing parameter extracted from dilute alloys (b=16.2 eV) are also shown. Fig. 7 The nitrogen K-edge SXE and total fluorescence yield XAS of GaN 1-x As x films with different As fractions. An elastic emission peak in the threshold-excited SXE is used for energy calibration to XAS. The inset shows the magnified view of the XAS and SXE threshold regions. Band gaps by virtual crystal approximation (VCA) and by a forced quadratic fitting to the experimental gap energies using a single bowing parameter of b=16.2 eV are also shown. Fig. 2 The Arsenic composition in GaN 1-x As x films grown by LT-MBE measured by RBS/PIXE as a function of growth temperature. The Ga and As 2 fluxes with BEP ~1.5x10 -7 and ~7.5x10 -6 Torr, respectively were used in these MBE growths. 
